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ABSTRACT Defocusing microscopy (DM) is a recently developed technique that allows quantitative analysis of membrane
surfacedynamicsof living cells usinga simple bright-ﬁeld opticalmicroscope.According toDM, the contrast of defocused images is
proportional to cell surface curvature. Although, until now, this technique was used mainly to determine size and amount of
membrane shape ﬂuctuations, such as rufﬂes and small randommembrane ﬂuctuations, in macrophages, its applications on cell
biology extend beyond that. We show howDM can be used to measure optical andmechanical properties of a livingmacrophage,
such as cell refractive index n, membrane bending modulus Kc, and effective cell viscosity h for membrane-actin meshwork
relaxation.Experimental data collected fromdefocused imagesof bonemarrow-derivedmacrophageswereused toevaluate these
parameters. The obtained values, averaged over several differentmacrophages, are n¼ (1.3846 0.015),Kc 3.2 3 1019 J, and
h 459 Pas. We also estimate the amplitude of the small ﬂuctuations to be of the order of 3 nm, which is around the step size of a
polymerizing actin ﬁlament.
INTRODUCTION
Experimental determination of physical properties of living
cells is an important step toward better understanding of
several cellular traits, both structural and functional. Knowl-
edge of optical properties like cell refractive index, for
instance, may provide indications of local cellular compo-
sition and structure, while determination of mechanical prop-
erties such as membrane bending modulus and effective cell
viscosity for membrane-actin meshwork relaxation can help
modeling cellular and intracellular motility processes. In this
work, we show how defocusing microscopy (DM), a recently
developed technique that allows quantitative analysis of mem-
brane deformations (1,2), can be used to evaluate these param-
eters. We present our results in two parts.
In the ﬁrst part of our work, we demonstrate how DM can
be used to evaluate the difference Dn between the refractive
index of a phase object, such as the rufﬂes that form over the
surface of the plasmatic membrane of adhered macrophages,
and the refractive index of the surrounding medium. If the
refractive index of the medium is known, the refractive index
of the phase object can then be obtained by simple addition.
In the second part, we use DM to characterize quantita-
tively both the morphology and the dynamics of the small
random membrane ﬂuctuations permeating the whole sur-
face of the macrophages (1,3), a common trait shared by
many types of living cells (4–6). We improve our previous
data on the characteristics of these small ﬂuctuations at 37C
(3), better resolving their correlation length j and correcting
their root-mean-square (RMS) curvature, previously under-
estimated due to the larger value of Dn ¼ 0.1 used in the
calculations, as compared to the value measured more accu-
rately in the present work. Analysis of the average charac-
teristics presented by this type of ﬂuctuations is expanded,
now considering the elastic properties and thermodynamics
of lipid bilayers (7–10) and thus allowing evaluation of mem-
brane bending modulus Kc and effective cell viscosity h for
membrane-actin meshwork relaxation.
A brief review on how the DM technique works is given
in Materials and Methods to familiarize the reader with
what is actually measured and how these data can lead to
an amplitude resolution of the ﬂuctuations down to the nano-
metric scale, well below the lateral optical resolution of the
microscope.
MATERIALS AND METHODS
Macrophages
Bone marrow-derived macrophages were obtained from C57BL/6 mice
following the procedures described by Coelho Neto et al. (3). Samples con-
sisted of single well plates made of Plexiglas and microscope cover glasses,
each containing 4–6 3 104 cells on 1 ml of medium (DMEM supplemented
with 10% FCS and 0.1% of antibiotics). Before experiments, samples were
kept at 37C, 5% CO2, for a period of 3–24 h to allow cell adhesion and
membrane spreading.
Defocusing microscopy
Defocusing microscopy (1,2) was used to track and analyze membrane
deformations that occur normally over the surface of living cells, such as
rufﬂes and small random ﬂuctuations. Unlike phase contrast and DIC
microscopy techniques, which measure the thickness and thickness gradient
of objects visualized, DM only detects their surface curvature. Since any
deformation, artiﬁcial or natural, appearing over the membrane of a cell
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changes the local curvature, it can be detected and quantiﬁed by DM through
a simple analysis of the contrast patterns appearing in the defocused images,
given by
C ¼ Dn½Df  hk; (1)
where C is the contrast generated by the curvature k, Dn is the differ-
ence between refractive indexes of the membrane and the surrounding
medium, Df is the defocusing distance, and h is the vertical extension of the
deformation.
Equation 1 is a linear expansion in Df of a more complete expression
and is valid typically for jDf j&1 mm (1). For small ﬂuctuations, where
Df ¼ 1mm»h; the contrast is proportional to Df and the curvature. Therefore,
the longitudinal (height) resolution in our system is limited by the smallest
curvature that can be observed with a defocusing distance of 1 mm. Let us
consider a small ﬂuctuation, which excites a single membrane mode of wave
vector q. The curvature generated by this mode is k ¼ q2a, where a is the
amplitude of the mode q. Considering the signal/noise ratio for our experi-
mental setup, which allows RMS contrast ﬂuctuations to be measured down
to 1%, the smallest curvature k that can be measured in accordance with Eq.
1, using Dn ¼ 0.05, is k ¼ 0.2 mm1. On the other hand, since the lateral
resolution ‘ of our microscope is of the order of 0.25 mm, the largest wave
vector measurable will be qmax ¼ (p/0.25)mm1. The height resolution of
our system for measuring the average amplitude of small membrane surface
ﬂuctuations is then
a ¼ k ‘
2
p
2 ¼ 0:2
ð0:25Þ2
p
2 mm  1:3 nm: (2)
Therefore, DM can achieve amplitude resolution of surface ﬂuctuations
down to the nanometric scale, like standard interferometric optical proﬁlers.
This is because DM, to be applicable as predicted by our theory, based on
coherent optics techniques, light has to be collected under a coherence area.
This is usually the case for objectives with high magniﬁcation and high
numerical aperture, even for illumination with a broadband halogen lamp
(1). The surprising result here is that a defocused microscope can work as an
optical proﬁler.
Setup
Experiments were conducted on a Nikon TE300 inverted microscope with
oil immersion objective (Nikon Plan APO DIC H, 1003, 1.4 NA; Nikon,
Melville, NY). Sample temperature was controlled by heating the objective.
Images of single spread macrophages were captured with a CCD camera
attached to the microscope and recorded on tape for later digitalization and
analysis. A typical defocused image from a spread macrophage is shown in
Fig. 1. The defocusing distance was controlled by a motorized stage adapted
to move the samples up and down over the objective. Video system pixel
gray values captured by the CCD have to be calibrated as a function of the
light intensity incident on the samples to translate image contrast to light
intensity contrast. Details of the calibration procedure can be found in Agero
et al. (2) and Coelho Neto et al. (3).
Measurements
Rufﬂes, which appear in defocused images as regions of high contrast (Fig.
1 a), were studied while the macrophages were kept at room temperature to
slow down their movements, so that each structure would keep reasonably
still while the defocusing distance was continuously varied from negative to
positive. In each run a rufﬂe was ﬁlmed for ;5 s at a sampling rate of 30
images per second. The defocusing distance was increased by 0.02 mm per
image. At room temperature, rufﬂesmove at;(1.06 0.4)mm/min (3), which
corresponds to a displacement of,0.1mmduring the whole data acquisition.
Therefore, it is reasonable to treat them as still structures during each run. Best
results were obtained from structures presenting high contrast levels.
The small random membrane ﬂuctuations, which appear over the whole
cell surface (Fig. 1 b), were studied while the macrophages were kept at
37C. In this type of experiment, the defocusing distance was kept ﬁxed at
1 mm. Typically, each macrophage was ﬁlmed for 10 min at a sampling rate
of 1.5 images per second.
Image analysis
Recorded images of the macrophages were digitalized as 8-bit grayscale
movies and analyzed with the NIH-ImageJ software package (available at
http://rsb.info.nih.gov/ij). Images were subjected to two forms of analysis,
depending on the type of membrane deformation studied and the parameters
under investigation. To evaluate cell refractive index, evolution of the image
contrast proﬁle of individual rufﬂes was followed as a function of the
defocusing distance. Evaluation of membrane bending modulus and ef-
fective cell viscosity for membrane-actin meshwork relaxation was based on
the decay time and the correlation length of the small ﬂuctuations, obtained
from temporal and spatial autocorrelation functions for the RMS contrast
observed in the defocused images. The autocorrelation functions were ob-
tained directly from the digitalized movies by using ImageJ plug-ins written
to calculate their values, pixel by pixel, along a selected area of the mem-
brane (see Appendix B).
RESULTS AND DISCUSSION
Determination of cell refractive index
Rufﬂes can be described as the structures that appear on sites
where the plasmatic membrane is projected vertically from
inside the cell by mechanisms involving actin polymerization/
reorganization and whose details are not quite established yet
(11–13). As sites of signiﬁcant and sudden increase/decrease
in local membrane curvature, rufﬂes appear in defocused
images as regions of high contrast showing mainly two
characteristic longitudinal curvature proﬁle types, hyperbolic
and Gaussian, each one corresponding to rufﬂes of speciﬁc
shape (1,3).
FIGURE 1 Typical defocused image of a spread macrophage. (a) Detail
of the contrast pattern generated by a rufﬂe. The study of this type of
ﬂuctuation is based on the analysis of longitudinal contrast proﬁles crossing
the structure from the border to the center of the cell (arrow). (b) Detail of
the contrast pattern generated by the small membrane ﬂuctuations. The study
of this type of ﬂuctuation is based on the analysis of the autocorrelation
functions for the contrast, calculated pixel by pixel, along a selected area of
the image. The defocusing distance is 1 mm.
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If the shape of the membrane at a given region and time
can be reasonably well approximated by a known function
h(x, y), such as in the case of a rufﬂe, the contrast C(x, y)
observed at this location due to defocusing can be written as
Cðx; yÞ ¼ Dn½Df  hðx; yÞ1 h0=2hðx; yÞ; (3)
where Dn is the difference between refractive indexes of the
cell and the surrounding medium, h(x, y), and h0 represent
the shape and the maximum local height of the membrane
relative to the cover glass and Df is the defocusing distance
relative to h0 (see Appendix A). Although Eq. 3 is valid for
any function h(x, y) describing the shape of the membrane,
we restrict our analysis to rufﬂes that best ﬁt the Gaussian
proﬁle, since they tend to be the more stable and abundant
type of structure present whose shape is well approximated
by a known function. Otherwise, we would have to solve
Eq. 3 numerically to obtain h(x, y), a cumbersome procedure
susceptible to large errors due to baseline-related problems.
According to Eq. 3, the contrast proﬁle generated by a
Gaussian rufﬂe, whose shape can be approximated by
hðx; yÞ ¼ h0ex
2
=2w
2
; (4)
where h0 corresponds to the maximum rufﬂe height and w is
the width of the structure, is
Cðx; yÞ ¼ Dn3 ½Df  h0ex
2=2w2 1 h0
3
h0x
2
e
x2=2w2
w4
 h0e
x2=2w2
w2
" #
: (5)
If we plot the expected contrast proﬁle of a Gaussian
rufﬂe, given by Eq. 5, as a function of the position and the
defocusing distance, we see that the contrast pattern is gradu-
ally inverted as we move from positive to negative defo-
cusing (Fig. 2). Experimental contrast proﬁles of the same
rufﬂe for negative and positive defocusing amounts conﬁrm
these inversions (Fig. 3). In fact, the change in the defocus-
ing distance is the cause of the light-dark inversion usually
seen when we are focalizing a thick transparent sample under
an optical bright-ﬁeld microscope. Good results were ob-
tained from structures presenting high contrast levels and
which best ﬁt the contrast proﬁle of a Gaussian rufﬂe.
When Df and Dn are known, Eq. 5 can be used to ﬁt
experimental contrast proﬁles of Gaussian rufﬂes, so that the
values of h0 and w can be determined (1,3). If, however, only
Df is known, although Dn, h0, and w can be obtained from a
free ﬁt, as shown by Agero et al. (2), w is well deﬁned
whereas Dn and h0 are affected by large uncertainties. To im-
prove the determination of both Dn and h0, we keep track
of the contrast proﬁle of single rufﬂes while varying the
defocusing distance. As already mentioned, the contrast at
all points will be gradually inverted as Df goes from positive
to negative values (Figs. 2 and 4). For small defocusing
distancesðjDf j&1mmÞ, such variation is linear, so that the
contrast at any ﬁxed position x will vary with Df as
CxðDf Þ ¼ aDf 1b; (6)
where a and b are constants that depend on h0, w, and Dn
and vary according to the position x ﬁxed in the proﬁle.
Using the value of w obtained from the ﬁt of the cor-
responding contrast proﬁle using Eq. 5, Dn and h0 will be the
only unknown parameters appearing in Eq. 6. This equation
can then be used to ﬁt the contrast as a function of the
defocusing distance, observed at any point, and determine
the individual values of h0 and Dn.
Despite the fact that Eq. 6 can be used to ﬁt the contrast
inversion at any point, the best choices for a Gaussian rufﬂe
are the central (x¼ 0) and lateral (x ¼ 6 ﬃﬃﬃ3p w) contrast peaks,
where the amplitude of the contrast inversion is higher, as
can be seen from Fig. 2. At these speciﬁc positions, we have
Ccp ¼ h0Dn
w
2 Df (7a)
for the contrast variation at the central peak and
FIGURE 2 Evolution of the contrast proﬁle for a Gaussian rufﬂe as a
function of the position x and the defocusing distance Df, according to Eq. 5.
As Df varies from positive to negative values, the contrast proﬁle is gradually
inverted, so that positions showing positive contrast (light regions) swap to
negative contrast (dark regions) and vice versa. For this example, we used
h0 ¼ 0.5 mm, w ¼ 0.4 mm, and Dn ¼ 0.05.
FIGURE 3 Experimental contrast proﬁles for a single Gaussian rufﬂe, at
two different defocusing amounts, ﬁt with Eq. 5. (a) Df ¼ 0.76 mm. Fit
values: w¼ 0.42 mm, h0Dn ¼ 0.014 mm. (b) Df ¼ 1.01 mm. Fit values: w ¼
0.42 mm, h0Dn ¼ 0.015 mm.
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Clp ¼ 0:4463h0Dn
w
2 Df 1 0:3467
h
2
0Dn
w
2 (7b)
for the contrast variation at the lateral peaks. Although h0 and
Dn remain coupled in Eq. 7a, they are only partially coupled
in Eq. 7b, allowing the individual value of both h0 and Dn to
be well determined for the lateral peaks. Since h0 must be the
same for both lateral and central peaks of the same rufﬂe, we
can use the average value of h0 obtained from the contrast
variation at the two lateral peaks to obtain Dn for the central
peak as well. An example of two contrast inversion curves
for a single rufﬂe, evaluated at these positions and ﬁt ac-
cording to Eqs. 7a and 7b, is shown in Fig. 4.
We analyzed 14 contrast inversion curves (four central
peaks and 10 lateral peaks) in eight rufﬂes of four different
macrophages using this approach. The average value ob-
tained was Dn ¼ (0.049 6 0.015). Using n0 ¼ (1.3355 6
0.0003) as the refractive index of the surrounding medium
(2), we obtain n ¼ (1.384 6 0.015) as the average refractive
index of living macrophages. This value is consistent with
previous measurements made in other cell lines using
different approaches (14,15).
Determination of cell mechanical properties
Aside from rufﬂes, which constitute localized phenomena of
relatively large amplitude, the presence of small membrane
ﬂuctuations, uniformly distributed over the cell surface as a
whole, seems to be a common trait shared by many types of
cell lines, including erythrocytes, lymphocytes, ﬁbroblasts,
monocytes, cardiomyocytes, and macrophages (1,3–6). As
structures of relatively small sizes and small curvatures, when
compared to rufﬂes, the contrast generated by this type of
membrane ﬂuctuation is not high enough to allow their char-
acteristics to be obtained directly from a contrast proﬁle.
Nevertheless, characterization of these small random mem-
brane ﬂuctuations can be achieved from the analysis of the tem-
poral and spatial autocorrelation functions for the contrast/
curvature generated by these structures, calculated point by
point (see Appendix B).
From the relaxation of the temporal and spatial autocor-
relation functions, we obtain the decay time t and the cor-
relation length j of these small ﬂuctuations. In both cases,
their RMS curvature k is deﬁned as the square-root of the
autocorrelation functions amplitudes. An example of both
temporal and spatial autocorrelation functions for the cur-
vature over the surface of a macrophage is shown in Fig. 5.
We analyzed;60 autocorrelation functions obtained from
15 different macrophages. The average results are shown in
Table 1.
The average correlation length j obtained from this
analysis is of the same order of the lateral resolution ‘ of
our optical setup, so that j represents an upper limit for the
correlation length of the small ﬂuctuations. Therefore, all
ﬂuctuation modes q that might constitute the whole of these
ﬂuctuations must be conﬁned in regions of limited size j.
Since contrasts measured with DM at any point represent the
average contrast at that point, considering the optical res-
olution limit, all modes with angular wavenumber q higher
than q0 ¼ p/j are lost during data acquisition, as the con-
trasts they generate tend to cancel each other when averaged
over a region of size j. Therefore, we assume that the decay
time t and the RMS curvature k obtained from the temporal
autocorrelation functions correspond to mode q0.
Although we are not able to extend our analysis to regions
smaller than j, studies on similar ﬂuctuations on other cell
types (4–6) indicated that these small ﬂuctuations are
conﬁned to regions with area;0.2 mm2, which is compatible
with the correlation length obtained from our data. These
observations support the fact that the membrane is pinned to
the actin meshwork at regular distances, at ;0.2–0.3 mm,
resulting in two-dimensional membrane compartmentaliza-
tion, as demonstrated by Fujiwara et al. (16), thus conﬁning
single small ﬂuctuations.
FIGURE 4 Contrast inversion curve as a function of Df for the central (:)
and right lateral (d) peaks of a Gaussian rufﬂe. Using Eqs. 7a and 7b to ﬁt
these data, we obtained h0Dn ¼ (0.0161 6 0.0002) mm for the central peak
and h0¼ (0.316 0.02) mm, Dn¼ (0.0516 0.005) for the right lateral peak.
Since both curves belong to the same structure, we can use the value of h0
obtained from the ﬁt on the lateral peak to obtain Dn ¼ (0.052 6 0.005) for
the central peak. For this rufﬂe, w ¼ 0.4 mm. The distance between the
central and the lateral peaks was 0.7 mm.
FIGURE 5 Typical autocorrelation functions for the curvature over the
surface of the plasmatic membrane of a spread macrophage. (a) Temporal
autocorrelation function (decay time t ¼ 6 s, RMS curvature k¼ 0.4 mm1).
(b) Spatial autocorrelation function (correlation length j ¼ 0.23 mm, RMS
curvature k ¼ 0.5 mm1).
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The height of the ﬂuctuation inside each conﬁnement area,
considering only the mode q0, can be written as h(x, y) ¼ a0
sin(q0 x) sin(q0 y), where a0 is the amplitude of the ﬂuc-
tuation. Approximating the curvature by k  =2h, we can
write Æk2æ ¼ 4q40Æh2æ ¼ q40a20; from which we obtain the
RMS value
k ¼ q20a0 ¼
p
2
j
2 a0: (8)
Using the measured values for k and j, we can estimate
the amplitude of the small membrane ﬂuctuations to be a0 ¼
(3 6 2) nm. This value is slightly below the range of values
(10–400 nm) reported for different cell types (4–6), which is
likely because we are able to separate-out the small random
ﬂuctuations from larger ﬂuctuations as rufﬂes.
Evaluation of the membrane bending modulus
The amount of energy necessary to bend a membrane in
order to generate a curvature k in a region with area A is
(7,9,10)
H ¼ Kc
2
Z
k
2
dA; (9)
where Kc is the bending modulus of the membrane. Applying
the equipartition energy theorem to Brownian ﬂuctuations of
mode q0 conﬁned to an area j
2, we rewrite Eq. 9 as
kBT
2
¼ Kc
2
Æk2æj2: (10)
Using the experimental values for k and j from Table 1,
obtained for T¼ 37C, we can evaluate the bending modulus
for the plasmatic membrane of the macrophages in this
length scale, obtaining Kc  3.2 3 1019 J. This value is
consistent with membrane bending modulus of other cells
and artiﬁcial lipid membranes obtained from different
methods, as shown in Table 2. This result can be interpreted
based on the Brownian ratchet model of cell motility,
proposed by G. Oster and co-workers (17–20). The main
assumption of the model is that an actin ﬁlament close to the
membrane cannot grow unless there is a gap between the
ﬁlament tip and the membrane, large enough to accommo-
date new actin monomers. The gap is provided by thermal
ﬂuctuations of free portions of the membrane as it moves
away from the tip. Before the membrane recedes back, the
polymerizing actin ﬁlament rapidly ﬁlls this gap, thus
rectifying the Brownian motion of the membrane. Based
on this model of motility, our interpretation of the measure-
ments of the small random surface ﬂuctuations, described
previously, is as follows: Our data show that these small
ﬂuctuations are conﬁned to linear dimensions of the order of
0.2 mm, where the membrane is pinned to the actin cortex in
agreement with the model of Fujiwara et al. (16). These
regions of the membrane can ﬂuctuate thermally, thus
causing the observed small cell surface ﬂuctuations. In our
measurements the amplitude of such small ﬂuctuations,
(3 6 2) nm, is of the order of the size of an actin monomer,
(2.7) nm. To determine the bending modulus related to the
deformation of the macrophage surface, we used, as shown
above, the average area of the conﬁned regions, the mean-
square curvature of cell surface ﬂuctuations, measured with
defocusing microscopy, and equipartition theorem. The use
of the equipartition theorem is justiﬁed by the fact that the
amplitude of the small surface ﬂuctuations is determined by
the thermal motion of free portions of the membrane. The
bending modulus obtained (Kc 3.23 1019 J) is typical of
free membranes, supporting the assumptions above.
Evaluation of the effective cell viscosity for the
membrane-actin meshwork relaxation
According to Brochard and Lennon (8), the relaxation
dynamics of the mode q of a membrane of bending modulus
Kc, subjected to a viscosity h, obeys
vq ¼ iKcq
3
2h
; (11)
TABLE 1 Average characteristics of the small membrane
ﬂuctuations observed in 15 different macrophages using DM
Decay time Correlation length RMS curvature
t (s) j (mm) k (mm1)
7 6 2 0.23 6 0.04 0.5 6 0.2
The values presented represent the result from the analysis of the relaxation
of both temporal and spatial autocorrelation functions for the contrast
generated by the small ﬂuctuations.
TABLE 2 Values of Kc for different cell types obtained from different experimental techniques
Cell type Method Kc (10
19 J) Ref. No.
Artiﬁcial vesicles Micropipette aspiration 0.4–2.5 (27)
Erythrocytes Phase contrast microphotometry 0.8 (8)
Erythrocytes Micropipette aspiration 1.8 (28)
Erythrocytes Reﬂection interference contrast
and phase contrast microscopy
4 (29)
Neutrophils Micropipette aspiration 15 (30)
Dictyostelium Reﬂection interference contrast microscopy 16 (31)
Macrophages Defocusing microscopy 3.2 This work
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if qd 1, where d is the local cell thickness. The imaginary
oscillation frequency vq can be related to the decay time tq
of the membrane ﬂuctuations by makingjvqj ¼ 2p=tq: The
decay time of the mode q0 would then be
tq0 ¼ 4ph
Kcq
3
0
: (12)
From this equation and the values of t, q0, and Kc
previously obtained, we can evaluate the effective cell
viscosity perceived by the membrane while receding from a
ﬂuctuation ash 459 Pas. This value is well within the range
of the viscosities obtained for similar cell lines (21–25), as
shown in Table 3. As in the previous section, we interpret this
result based on the ratchet model. The membrane can move
away from the actin cortex by a Brownian ﬂuctuation. Actin
ﬁlaments grow, impeding the membrane from freely receding
back. The relaxation of the ﬂuctuations corresponds then to
the relaxation of the composite system (membrane plus actin
cortex), whose relaxation time t we measure. Therefore, in
Eq. 12 the bending modulus of the composite system should
be used to obtain the actual viscosity. However, we do not
know the value of the bending modulus for the composite
system, which is expected to be larger than the value obtained
for the free membrane. By using, in Eq. 12, the value of the
bending modulus for the free membrane, determined in the
previous section, we obtain a lower bound (h 459 Pas) for
the effective cell viscosity for the membrane-actin meshwork
relaxation.
Another interpretation for the relaxation time t that we
observe was proposed recently in a new model of motility,
where the dynamics of membrane ﬂuctuations is determined
by the diffusion of surface proteins that trigger actin poly-
merization (26). Our data of the decay time of small ﬂuc-
tuations and velocity of rufﬂes as a function of temperature
(3) were used to support this model. The slow-decay time
constant we observe is associated with the diffusion time of
membrane proteins. This model successfully predicts the
origin and propagation of large ﬂuctuations like rufﬂes and
lamellipodia.
CONCLUDING REMARKS
We have shown how DM can be used to measure the
refractive index, the membrane bending modulus, and the
effective cell viscosity for the membrane-actin meshwork
relaxation in viable macrophages.
Unlike most techniques usually applied to access optical
and mechanical parameters of living cells, DM takes ad-
vantage of the natural membrane deformations observed in
the behavior of these cells, such as membrane rufﬂes and
small membrane ﬂuctuations, generating quantitative data
on these structures which can then be used to evaluate such
parameters. The technique does not require the cells to be
subjected to any kind of special condition during the exper-
iments, like ﬂuid dragging, adhesion/ingestion of physical
probes, illumination with harmful wavelengths or immersion
in intense magnetic ﬁelds, keeping the cells absolutely un-
disturbed during experiments.
The results obtained with DM give additional support to
recent physical models of cell membranes and motility. We
show that small surface ﬂuctuations are uncorrelated to dis-
tances larger than 0.23 mm, indicating that the cell membrane
is compartmentalized, supporting the model of Fujiwara et al.
(16). The obtained bending modulus is close to that of a free
membrane, giving additional support to ratchet models (17–
20). Our results on the decay time of small ﬂuctuations and
propagation velocity of rufﬂes also support a new model,
which considers the coupling between membrane proteins
that trigger actin polymerization and surface ﬂuctuations (26).
The amount of information obtained from such a simple
method, which can be easily implemented in almost any
bright-ﬁeld optical microscope connected to a good image
acquisition system, without need for optical ﬁlters, phase
plates, or special prisms, demonstrates how DM constitutes a
powerful and very useful new tool for the study of cell
motility and other related topics on cell biology.
APPENDIX A: DEFOCUSING
MICROSCOPY—CONVERTING IMAGE
CONTRAST TO SURFACE CURVATURE
According to the DM theory (1,2), the contrast generated by a phase object,
like the plasmatic membrane of a living cell, whose shape is described by a
function h(x, y) relative to the bottom of the sample, is well described by the
expression
Cðx; yÞ ¼ Dn½DF hðx; yÞ=2hðx; yÞ; (13)
where DF (defocusing distance) is the position of the focal plane of the
objective relative to the bottom of the sample and Dn is the difference
TABLE 3 Values for the effective cell viscosity h for similar cell lines obtained from different techniques
Cell type Method Probe diameter d (mm) Effective viscosity h (Pas) Ref. No.
Fibroblasts Electron spin resonance 0.00064 0.0021 (32)
Macrophages Magnetometry of twisted particles 0.3–0.7 1950 (21)
Macrophages Magnetometry of twisted particles 0.2 1100 (23)
Fibroblasts Magnetic bead micro-rheometry 4.5 2000 (24)
Macrophages Magnetic bead micro-rheometry 1.3 210 (25)
Macrophages Defocusing microscopy Not applicable 459 This work
The results shown seem to depend, in some degree, on the size of the probe used. A broader comparison, which also supports this idea, can be found in
Valberg and Albertini (21) and Valberg and Feldman (22).
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between refractive indexes of the cell and the surrounding medium. The
local curvature of the object is approximated by k  =2h(x, y).
For thin objects (objects for which the depth of ﬁeld of the microscope is
greater than h(x, y) at all points), the defocusing distance is determined as the
actual distance from the point where the observed contrast vanishes, which
corresponds to the bottom of the sample (DF ¼ 0). When, however, the
object under analysis cannot be considered thin, the contrast vanishes when
DF ¼ h(x, y), and not when DF ¼ 0. To continue measuring the defocusing
distance as the current distance from the point where the contrast vanishes,
we move the origin of our reference frame from the bottom of the sample
(h ¼ 0) to the top of the structure under analysis (h ¼ h0). The defocusing
distance Df and the shape of the membrane H(x, y) relative to this new
reference frame (Fig. 6) are
Df ¼ DF h0; (14a)
Hðx; yÞ ¼ hðx; yÞ  h0; (14b)
so that Eq. 13 is now written as
Cðx; yÞ ¼ Dn½Df  Hðx; yÞ=2Hðx; yÞ: (15)
In terms of the shape h(x, y) of the object under analysis, Eq 15 takes the
form
Cðx; yÞ ¼ Dn½Df  hðx; yÞ1 h0=2hðx; yÞ; (16)
which we used to analyze our data.
APPENDIX B: AUTOCORRELATION FUNCTIONS
The temporal and spatial autocorrelation functions for the curvature k
produced by the small random membrane ﬂuctuations were calculated from
the average product of the contrast/curvatures observed at different times
and positions. Approximately 105 data points were considered for the cal-
culation of each individual function.
Temporal autocorrelation functions Ft(t) were calculated as the product
between the contrast observed at a ﬁxed position r at a ﬁxed time t0 and the
contrast observed at the same position at later times, averaged for different
starting times t0 and different positions r, so that
FtðtÞ ¼ ÆÆkðr; t0Þ 3 kðr; t01 tÞæt0ær: (17a)
Spatial autocorrelation functions Fs(r) were calculated as the product
between the contrast observed at a ﬁxed time t at a ﬁxed position r0 and the
contrast observed at the same instant at adjacent positions, apart from the
starting point by a distance r, averaged for different starting positions and
different times, so that
FsðrÞ ¼ ÆÆkðr0; tÞ3kðr01 r; tÞær0 æt: (17b)
In both cases, the resulting functions presented a relaxation which could be
reasonably well ﬁt by single exponentials, with
FtðtÞ  A0e
t
t (18a)
and
FeðrÞ  A0e
r
j; (18b)
where A0 ¼ Æk2æ.
This work was supported by the Brazilian agencies Conselho Nacional de
Desenvolvimento Cientı´ﬁco e Tecnolo´gico (CNPq), Fundacxa˜o de Amparo a`
Pesquisa do Estado de Minas Gerais (FAPEMIG), CNPq/FAPEMIG-
PRONEX, and Instituto do Mileˆnio de Nanotecnologia-MCT.
REFERENCES
1. Agero, U., C. H. Monken, C. Ropert, R. T. Gazzinelli, and O. N.
Mesquita. 2003. Cell surface ﬂuctuations studied with defocusing
microscopy. Phys. Rev. E. 67:051904.
2. Agero, U., L. G. Mesquita, B. R. A. Neves, R. T. Gazzinelli, and O. N.
Mesquita. 2004. Defocusing microscopy. Microsc. Res. Tech. 65:
159–165.
3. Coelho Neto, J., U. Agero, D. C. P. Oliveira, R. T. Gazzinelli, and
O. N. Mesquita. 2005. Real-time measurements of membrane surface
dynamics on macrophages and the phagocytosis of Leishmania
parasites. Exp. Cell Res. 303:207–217.
4. Krol, A. Y., M. G. Grinfeldt, S. V. Levin, and A. D. Smilgavichus.
1990. Local mechanical oscillations of the cell surface within range
0.2–30 Hz. Eur. Biophys. J. 19:93–99.
5. Levin, S., and R. Korenstein. 1991. Membrane ﬂuctuations in
erythrocytes are linked to MgATP-dependent dynamic assembly of
the membrane skeleton. Biophys. J. 60:733–737.
6. Mittelman, L., S. Levin, and R. Korenstein. 1991. Fast cell membrane
displacements in B lymphocytes. FEBS Lett. 293:207–210.
7. Helfrich, W. 1973. Elastic properties of lipid bilayers: theory and
possible experiments. Z. Naturforsch. 28c:693–703.
8. Brochard, F., and J. F. Lennon. 1975. Frequency spectrum of the
ﬂicker phenomenon in erythrocytes. J. Phys. [E]. 36:1035–1047.
9. Bloom, M., E. Evans, and O. Mouritsen. 1991. Physical properties
of the ﬂuid lipid-bilayer component of cell membranes: a perspective.
Q. Rev. Biophys. 24:293–397.
10. Fournier, J.-B., A. Ajdari, and L. Peliti. 2001. Effective-area elasticity
and tension of micromanipulated membranes. Phys. Rev. Lett. 86:
4970–4973.
11. Swanson, J. A., and C. Watts. 1995. Macropinocytosis. Trends Cell
Biol. 5:424–428.
12. Araki, N., T. Hatae, T. Yamada, and S. Hirohashi. 2000. Actinin-4 is
preferentially involved in circular rufﬂing and macropinocytosis in
mouse macrophages: analysis by ﬂuorescence ratio imaging. J. Cell
Sci. 113:3329–3340.
13. Borm, B., R. P. Requardt, V. Herzog, and G. Kirfel. 2005. Membrane
rufﬂes in cell migration: indicators of inefﬁcient lamellipodia adhesion
and compartments of actin ﬁlament organization. Exp. Cell Res. 302:
83–95.
14. Bereiter-Hahn, J., C. H. Fox, and B. Thorell. 1979. Quantitative
reﬂection contrast microscopy of living cells. J. Cell Biol. 82:767–779.
15. Curl, C. L., C. J. Bellair, T. Harris, B. E. Allman, P. J. Harris, A. G.
Stewart, A. Roberts, K. A. Nugent, and L. M. Delbridge. 2005.
Refractive index measurement in viable cells using quantitative phase
amplitude microscopy and confocal microscopy. Cytometry A. 65:
88–92.
FIGURE 6 Out-of-scale diagram representing the optical distances in-
volved in a defocused image of a phase object whose shape is described by a
function h(x, y). The value DF represents the defocusing distance relative to
the bottom of the sample, and Df represents the defocusing distance relative
to the top of the structure under analysis. The focal plane is located at the
upper dashed line.
1114 Coelho Neto et al.
Biophysical Journal 91(3) 1108–1115
16. Fujiwara, T., K. Ritchie, H. Murakoshi, K. Jacobson, and A. Kusumi.
2002. Phospholipids undergo hop diffusion in compartmentalized cell
membrane. J. Cell Biol. 157:1071–1081.
17. Peskin, C. S., G. M. Odell, and G. F. Oster. 1993. Cellular motions and
thermal ﬂuctuations: the Brownian ratchet. Biophys. J. 65:316–324.
18. Mogilner, A., and G. Oster. 1996. The physics of lamellipodial protru-
sion. Eur. Biophys. J. 25:47–53.
19. Mogilner, A., and G. Oster. 1996. Cell motility driven by actin poly-
merization. Biophys. J. 71:3030–3045.
20. Mogilner, A., and G. Oster. 2003. Force generation by actin poly-
merization. II. The elastic ratchet and tethered ﬁlaments. Biophys. J.
84:1591–1605.
21. Valberg, P. A., and D. F. Albertini. 1985. Cytoplasmic motions,
rheology, and structure probed by a novel magnetic particle method.
J. Cell Biol. 101:130–140.
22. Valberg, P. A., and H. A. Feldman. 1987. Magnetic particle motions
within living cells. Biophys. J. 52:551–561.
23. Nemoto, I., K. Ogura, and H. Toyotama. 1989. Estimation of the
energy of cytoplasmic movements by magnetometry: effects of temper-
ature and intracellular concentration of ATP. IEEE Trans. Biomed.
Eng. 36:598–607.
24. Bausch, A. R., F. Ziemann, A.A. Boulbitch, K. Jacobson, andE. Sackmann.
1998. Local measurements of viscoelastic parameters of adherent cell
surfaces by magnetic bead microrheometry. Biophys. J. 75:2038–2049.
25. Bausch, A. R., W. Mo¨ller, and E. Sackmann. 1999. Measurement of
local viscoelasticity and forces in living cells by magnetic tweezers.
Biophys. J. 76:573–579.
26. Gov, N., and A. Gopinathan. 2006. Dynamics of membranes driven by
actin polymerization. Biophys. J. 90:454–469.
27. Evans, E., and W. Rawicz. 1990. Entropy-driven tension and bending
elasticity in condensed-ﬂuid membranes. Phys. Rev. Lett. 64:2094–
2097.
28. Evans, E. A. 1983. Bending elastic modulus of red blood cell
membrane derived from buckling instability in micropipette aspiration
tests. Biophys. J. 43:27–30.
29. Strey, H., M. Peterson, and E. Sackman. 1995. Measurement of
erythrocyte elasticity by ﬂicker eigenmode decomposition. Biophys. J.
69:478–488.
30. Zhelev, D. V., D. Needham, and R. M. Hochmuth. 1994. Role of the
membrane cortex in neutrophil deformation in small pipettes. Biophys.
J. 67:696–705.
31. Simson, R., E. Wallraff, J. Faix, J. Niewo¨hner, G. Gerisch, and E.
Sackmann. 1998. Membrane bending modulus and adhesion energy of
wild-type and mutant cells of Dictyostelium lacking talin or
cortexillins. Biophys. J. 74:514–522.
32. Mastro, A. M., M. A. Babich, W. D. Taylor, and A. D. Keith. 1984.
Diffusion of a small molecule in the cytoplasm of mammalian cells.
Proc. Natl. Acad. Sci. USA. 81:3414–3418.
Properties of a Living Cell with DM 1115
Biophysical Journal 91(3) 1108–1115
